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Abstract

Tunicates occupy the evolutionary position at the boundary of invertebrates and ver-
tebrates. It exhibits adaptation to broad environmental conditions and is distributed
globally. Despite hundreds of years of embryogenesis studies, the genetic basis of
the invasive habits of ascidians remains largely unknown. The leathery sea squirt,
Styela clava, is an important invasive species. We used the chromosomal-level ge-
nome and transcriptome of S. clava to explore its genomic- and molecular-network-
based mechanisms of adaptation to environments. Compared with Ciona intestinalis
type A (C. robusta), the size of the S. clava genome was expanded by 2-fold, although
the gene number was comparable. An increase in transposon number and variation in
dominant types were identified as potential expansion mechanisms. In the S. clava ge-
nome, the number of genes encoding the heat-shock protein 70 family and members
of the complement system was expanded significantly, and cold-shock protein genes
were transferred horizontally into the S. clava genome from bacteria. The expanded
gene families potentially play roles in the adaptation of S. clava to its environments.
The loss of key genes in the galactan synthesis pathway might explain the distinct
tunic structure and hardness compared with the ascidian Ciona species. We dem-
onstrated further that the integrated thyroid hormone pathway participated in the
regulation of larval metamorphosis that provides S. clava with two opportunities for
adapting to their environment. Thus, our report of the chromosomal-level leathery
sea squirt genome provides a comprehensive genomic basis for the understanding of

environmental adaptation in tunicates.
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1 | INTRODUCTION

Tunicates occupy the phylogenetic position at the boundary of in-
vertebrates and vertebrates. They display diverse developmental
processes and adaptive strategies, and serve as suitable models
for exploring the origins of vertebrates and the molecular mech-
anisms of development. Tunicates are divided into three classes,
including Ascidiacea, Appendicularia, and Thaliacea. Several ascid-
ian genomes have been sequenced, such as those of Ciona intesti-
nalis type A (Ciona robusta) (Dehal et al., 2002; Satou et al., 2019),
C. savignyi (Small, Brudno, Hill, & Sidow, 2007), Botryllus schlosseri
(Voskoboynik et al., 2013), Molgula spp. (Stolfi et al., 2014), and
Botrylloides leachii (Blanchoud, Rutherford, Zondag, Gemmell, &
Wilson, 2018). The genome resources of these organisms and some
gene annotations of Phallusia, Corella and Halocynthia are now
available in ANISEED, which is the main database for the world-
wide community of scientists working on tunicates (Dardaillon
et al., 2020). The genome data revealed that most of the verte-
brate gene families could be identified in ascidians, suggesting that
ascidians contain most of the ancestral genes involved in chor-
date development. The majority of the sequenced solitary ascidian
genomes are relatively compact with sizes in the range of 100-
200 Mb. Recently, a nearly complete genome assembly of C. intes-
tinalis type A (C. robusta) was also constructed at the chromosome
level (Satou et al., 2019). The sequenced ascidian genome larger
than 200 Mb occurred in colonial species, which is B. schlosseri,
with a genome size of about 600 Mb (Voskoboynik et al., 2013).
Except for ascidians, Oikopleura dioica, an Appendicularia species,
has a quite compact (only 70 Mb) and faster evolving genome com-
pared to other tunicates (Denoeud et al., 2010; Seo et al., 2001).
Salpa thompsoni, a Thaliacea species, has a relatively larger ge-
nome (>600 Mb) than most of the sequenced solitary ascidians
(Jue et al., 2016).

Ascidians exhibit adaptations to diverse environmental con-
ditions and are distributed in shallow seawaters globally (Sharyn
J. Goldstien et al., 2011). Moreover, many are considered as in-
vasive species (Lambert, 2007). Despite the great impact of in-
vasive tunicates on biodiversity and agriculture over the past
decades, the genetic adaptations and evolution of invading pop-
ulations remain poorly understood (Zhan, Briski, Bock, Ghabooli,
& Maclsaac, 2015). Among the recognized mechanisms underlying
the rapid and adaptable responses to stress, heat-shock proteins
(hsps), a group of evolutionarily conserved protein families, are
one of the crucial molecules that facilitate coping with environ-
mental fluctuations in organisms through the correction of pro-
tein folding or the maintenance of protein homeostasis (Feder &

Hofmann, 1999). Genome-level studies could greatly facilitate the

deciphering of the molecular mechanisms underpinning the inva-
sion process (Rius, Bourne, Hornsby, & Chapman, 2015) and pro-
vide the genomic data for application in population genetic studies
(Chown et al., 2015).

Ascidians, like most metazoans, have a biphasic lifespan. The
fertilized eggs first develop into swimming larvae, which then at-
tach to a substrate and metamorphose into adult-like juveniles.
Considerable changes also occur during the metamorphosis stages
in ascidians (Karaiskou, Swalla, Sasakura, & Chambon, 2015), in-
cluding the regression of their notochord. Such abrupt change
in body structure during development provides metazoans with
two opportunities for adapting to their environment. The cel-
lular basis of larval metamorphosis has been investigated and
summarized based on observations from several ascidian spe-
cies (Cloney, 1982). At the molecular level, signaling pathways,
such as the mitogen-activated protein kinase pathway, the c-Jun
N-terminal kinase pathway, and the extracellular regulated ki-
nase (ERK) pathway, are involved in Ciona larval metamorphosis
(Chambon, Nakayama, Takamura, McDougall, & Satoh, 2007).
Moreover, the phosphorylated form of ERK transduces the apop-
tosis-activating signal for tail regression in tail tissues of Ciona
(Chambon et al., 2007). However, the signaling pathways and reg-
ulators of larval metamorphosis in ascidians still need to be further
studied.

Styela has a morphology stereotypic of adult solitary ascid-
ians, which was apparently established at least 500 Mya. The
Cheungkongella ancestralis, a member of the Chengjiang fauna in
Southern China has been reported to be a kind of tunicate (Shu,
Chen, Han, & Zhang, 2001). The fossil tunicate, Shankouclava, which
was found in South China, was also reported as the first tunicate
from the Early Cambrian and is approximately 520 million years
old (J. Y. Chen et al., 2003). The fossil, representing the earliest
reported tunicate fossil specimen, resembles the ascidian morpho-
logically. In addition, Styela has also long been used as a develop-
mental model. Edwin G. Conklin made a milestone contribution to
embryonic cell-lineage tracking using Styela partita 100 years ago
(Conklin, 1905).

Over the course of several decades, Styela, especially the
leathery sea squirt S. clava, has also been shown to be an import-
ant ecological species because of its invasive potential and abil-
ity to adapt to new environments (Dupont, Viard, Dowell, Wood,
& Bishop, 2009; S. J. Goldstien, Schiel, & Gemmell, 2010; Locke,
Hanson, Ellis, Thompson, & Rochette, 2007). S. clava is native
to the northwestern region of the Pacific (Sharyn J. Goldstien
et al., 2011), but currently occurs globally, because of anthropo-
genic transport. Its global spread has had a major impact on the re-

gional marine biodiversity and on aquaculture industries because
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of fouling. However, appropriate genomic resources remain scarce
for this species and the genetic basis of its invasive characteristics
are largely unknown.

In the present study, we sequenced the whole genome of
S. clava using Pacific Bioscience (PacBio) sequencing platforms and,
by combining it with a HiC approach, we achieved a chromosom-
al-level assembly of 340 Mb (scaffold N50 of 20.77 Mb) with 17,480
protein-coding genes. Using both genomic and transcriptomic data,
in addition to in situ hybridization and chemical drug inhibition ex-
periments, we expect to aid our understanding of the molecular

basis of their broad environmental adaptations of S. clava.

2 | MATERIALS AND METHODS

2.1 | Animal collection, species identification,
fertilization, and embryogenesis

The adults of S. clava (Herdman, 1881) were collected from Weihai
City, China, and acclimated in sea water at 18°C in the laboratory.
The 18S rRNA and actin genes were amplified, and the PCR prod-
ucts were sequenced for species identification. The whole body of a
single adult was used for DNA extraction and genome sequencing.
S. clava is a hermaphrodite. The adult animals were dissected, and
the mature eggs and sperm were collected from different individuals
for fertilization at room temperature. The morphology of different-
staged embryos or larvae were identified and recorded by via Nikon

DIC microscopy.

2.2 | Genome sequencing, assembly, and annotation

Genomic DNA was extracted from one intact starved adult using the
modified phenol/chloroform method. Briefly, the procedures were
as follows: the tunic was removed from one starved adult. Its tissues
were cutinto 1 mm°® pieces and then quickly transferred into six cen-
trifugal tubes. lysis buffer (700 pl: 100 mM NaCl, 10 mM Tris-HCI,
100 mM EDTA, and 1% SDS, pH8.0) and proteinase K (Merck: final
concentration, 200 pg/ml) were added into each tube. The mixtures
were incubated at 58°C for 3 hr. Genomic DNA was then extracted
using the routine phenol/chloroform method (Engelman et al., 1995).
The quality of the extracted DNA was evaluated by agarose gel.
DNA with a size 215 Kb size and no degradation was observed.
Samples were then stored at -20°C for PacBio (Pacific Biosciences)
and lllumina sequencing.

Pacific biosciences RS Il was used to obtain long reads for as-
sembly. lllumina HiSeq X Ten was used to obtain paired-end reads
for genome survey and error correction of PacBio data. The ge-
nome size was estimated based on a k-mer distribution analy-
sis (Sambrook, 2001). FALCON was used for long-read assembly
(Marcais & Kingsford, 2011) (https://github.com/PacificBiosciences/
FALCON) (length_cutoff = 5,000; pa_HPCdaligner_option: -k = 14,
-h =128, -1=2000, -w =8, -T =8, -s = 700, -M = 32). The assembled

genome completeness was validated by checking the BUSCO data-
base (Chin et al., 2016).

Repetitive sequences in the genome were identified using
RepeatModeler (version 1.0.10) and RepeatMasker (version 3.3.0).
The kimura substitution rates of different types of transposable el-
ements were calculated using the Perl script calcDivergenceFromA-
lign.pl from RepeatMasker. Three approaches were used to predict
protein-coding genes: homology-based predictions, de novo pre-
dictions, and transcriptome-based predictions. Three de novo gene
prediction tools, Augustus (http://bioinf.uni-greifswald.de/augus
tus/) (Simao et al., 2015), GlimmerHMM (http://ccb.jhu.edu/softw
are/glimmerhmm/) (Stanke et al., 2006), and SNAP (http://homep
age.mac.com/iankorf/) (Majoros, Pertea, & Salzberg, 2004), were
used to predict genes in the repeat-masked genome sequences. For
homology-based gene prediction, protein sequences from C. intes-
tinalis type A (C. robusta), C. savignyi, M. oculata, B. schlosseri, O. di-
oica, Drosophila melanogaster, Caenorhabditis elegans, Branchiostoma
floridae, Mus musculus and Homo sapiens were aligned to the genome
using tblastn (Korf, 2004). The RNA-Seq reads from different devel-
opmental stages and adult tissues were aligned to the genome using
Tophat (Altschul, Gish, Miller, Myers, & Lipman, 1990). Gene pre-
dictions from the de novo approach, homology-based approach and
RNA-Seqg-based evidence were merged to form a comprehensive
consensus gene set using the EVidenceModeler software (http://
evidencemodeler.github.io/) (Trapnell, Pachter, & Salzberg, 2009).
Functional annotation of the obtained genes was conducted using
blast (version 2.2.26) (Haas et al., 2008) against the NR, SwissProt
and KEGG databases. The noncoding RNAs were also predicted in
the genome. The tRNAs were searched using tRNAscan-SE (version
1.3.1) (Altschul et al., 1990). The rRNAs were annotated by blast
search. The miRNAs and snRNAs were predicted using Infernal
(http://eddylab.org/infernal/) (Lowe & Eddy, 1997).

2.3 | Hi-C analysis and chromosome assembly

The muscle collected from a single adult S. clava was fixed using
formaldehyde. The fixed tissue was then homogenized with tissue
lysis buffer, digested with a restriction enzyme, in situ labeled with
a biotinylated residue, and end-repaired. Finally, the DNA was ex-
tracted and used for Hi-C library preparation. The qualified library
was sequenced using an Illumina HiSeq platform and used for the
subsequent Hi-C analysis. The reads were aligned to the S. clava ge-
nome using the BWA aligner (Nawrocki & Eddy, 2013). Only the valid

interaction read pairs were used for the chromosome assembly.

2.4 | Gene family and phylogenetic analysis

The gene families were determined via an all-to-all blastp search against
the full protein-coding genes from 16 selected deuterostomes includ-
ing human (Homo sapines), mice (Mus musculus), frog (Xenopus tropi-

calis), coelacanth (Latimeria chalumnae), zebrafish (Danio rerio), flatfish
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(Paralichthys olivaceus), lamprey (Petromyzon marinus), sea squirts (M.
oculata, C. savignyi, C. intestinalis type A (C. robusta) and O. dioica), am-
phioxus (Branchiostoma floridae), acorn worm (Saccoglossus kowalevskii),
sea cucumber (Apostichopus japonicus), sea urchin (Strongylocentrotus
purpuratus) and sea star (Acanthaster planci). Orthologous relationships
between genes were inferred through all-against-all protein sequence
similarity searches using OthoMCL (http://orthomcl.org/orthomcl/) and
retained only the longest predicted transcript was retained per locus. A
Venn diagram showed shared orthologous groups (duplicated genes were
counted as one) on the basis of the presence of a representative gene in at
least one of the grouped species. The expansion and contraction of gene
families were estimated using CAFE (version 1.6) (Li & Durbin, 2009).
The phylogenetic tree was constructed based on one-to-one orthologs,
which were clustered among protein-coding genes of the selected 17
genomes. The multiple alignments were performed by MUSCLE (version
3.7) (De Big, Cristianini, Demuth, & Hahn, 2006) with its default setting.
The ambiguously aligned positions were trimmed using Gblocks (http://
molevol.cmima.csic.es/castresana/Gblocks.html). The jModelTest was
used to select the best-fit model for amino acid replacement. RAXML
(http://sco.h-its.org/exelixis/software.html) was then used to construct a
maximum likelihood tree. The robustness of the maximum likelihood tree
was assessed using the bootstrap method. The divergence time was esti-
mated by mcmctree (http://abacus.gene.ucl.ac.uk/software/paml.html) in
PAML (version 4.5) (Edgar, 2004). Tracer (http://beast.community/tracer)
(Yang, 2007) was used to assess convergence. PAML was also used to
assess the contribution of natural selection to the genes of S. clava, and

the likelihood ratio tests were applied to test the significant differences.

2.5 | Temperature stress experiments and
quantitative real-time PCR

The adult S. clava were acclimated to experimental conditions over
the span of 1 week. The temperature controller was set at 2, 12, 22,
and 32°C to maintain the sea water temperature. The animals were
placed in the water at the different temperatures for 6 hr. There
were three adults in each group. After the experiments, each adult
was sampled in liquid nitrogen and stored at -80°C. RNA extraction
and reverse transcription were conducted individually.

Quantitative real-time PCR (qPCR) analysis was used to detect the
relative expression level of genes (the sequences of primers are provided
in Table S16). SYBRGreen was used as the DNA-binding fluorescent dye.
Actin gene was used as an internal standard and relative gene expres-
sion levels were calculated using the comparative Ct method with the
formula 2722t (Rambaut, Drummond, Xie, Baele, & Suchard, 2018).

2.6 | Compositional analysis and observation of the
tunic structure

The monosaccharide composition of the tunic structure was de-
termined by high-performance liquid chromatography (Livak &

Schmittgen, 2001). Two microgram of tunic tissue were hydrolyzed
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by 1 ml of 2 m trifluoroacetic acid at 110°C for 8 hr. The hydrolysate
was labeled by 1-phenyl-3-methyl-5-pyrazolone (Sigma) after neu-
tralization and analyzed on an HPLC system (Agilent 1200). The
composition and content of monosaccharides were determined in
reference to the retention time and ultraviolet absorbance response
of monosaccharide standards. For scanning electron microscopy
studies of the tunic structure, the samples were fixed with 1% glu-
taraldehyde in 80% seawater, followed by dehydration and observa-

tion using an 5-3400N scanning electron microscope (Hitachi).

2.7 | Transcriptome sequencing, gene
identification, and in situ hybridization

Seven different developmental stages including 2-8-cell embryos,
gastrula embryos, neurula embryos, tailbud-stage embryos, hatched
swimming larvae, tail-regressing larvae, and metamorphic juveniles
were collected (2-8 cells, gast, neu, tb, hsl, trl, and mj, respectively).
The total RNA was extracted using the RNAiso plus reagent (Takara,
Japan), according to the manufacturer's instructions. RNA-seq was
performed using the lllumina HiSeq 2500 platform. Sequencing reads
were aligned to the S. clava genome using HISAT (Strydom, 1994)
with its default parameters. Gene expression levels were estimated
by HTSeq (Kim, Langmead, & Salzberg, 2015), to acquire the frag-
ments Per Kilobase of gene per million mapped reads (FPKM) value
of each gene. The co-expression gene network for 21 transcriptomic
datasets was constructed using the R package WGCNA (Anders, Pyl,
& Huber, 2015), with the parameters of softPower = 12, minimum
module size = 300, cutting height = 0.99, and deepSplit = F. The genes
that were expressed in at least one developmental stage were used
for network construction and were assigned into nine gene mod-
ules. The intramodular connectivity (Kwithin) represents the hub-
ness of a gene in one module (i.e., a higher Kwithin value indicates a
stronger connection between one gene and the other genes in the
specified module). GO enrichment analysis of the gene modules was
performed using the EnrichPipeline (Langfelder & Horvath, 2008).
The complement genes were identified in the genomes of five tu-
nicates using BLAST with an e-value threshold of 1e-5 against com-
plement gene sequences from NCBI (https://www.ncbi.nim.nih.gov/).
They were further confirmed and filtered according to their NR annota-
tion results. The remaining genes were also identified in the same way.
The gene expression heatmaps were drawn according to their FPKM
values. Collected embryos and larvae were fixed with 4% paraformal-
dehyde at 25°C for 2 hr. The probes for the THR, C3, and CR1 genes
were synthesized using the primers listed in Table $S17). Whole-mount
in situ hybridization was carried out essentially as published previously
(S. Chen et al., 2010), using a hybridization temperature of 50-54°C.

2.8 | Inhibitor treatment experiments

The fertilized eggs were reared in petri dishes with sea water at room

temperature. The untreated embryos were collected and divided into
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several groups for experiments. Each group included 200 embryos.
The treatment groups received MMI (Sigma; 301507, 1 g/L), BMS493
(Sigma; B6688, 1 um), and UVI3003 (Sigma; SML1950, 1 um), respec-
tively, at the hatched swimming larval stage (15 hpf), while the control
group received either the filtered fresh sea water (control for MMI)
or DMSO (control for BMS493 and UVI3003) at the same develop-
mental stage. For the dexamethasone (complement inhibitor) treat-
ment experiments, the fertilized eggs were treated with 10 and 20 pum
methanol (control) or dexamethasone (Sigma; D1756, 10 pm), respec-
tively. The number of metamorphic juveniles and total embryos were
counted at 22 hpf. The experiments were repeated three times, and
the analysis of significant differences in the statistical data was per-
formed on SPSS 17.0 via the chi-squared test. p value <.01.

3 | RESULTS AND DISCUSSION

3.1 | S.clava has a larger genome size and increased
gene length compared with C. intestinalis type A (C.
robusta)

3.1.1 | Genome sequencing and annotation

The genome of S. clava was sequenced using the PacBio RSII and
lllumina Hiseq2500 platforms. A total of SMRT sequencing subreads
representing over 40.73 Gb (approximately 100 x coverage) were
obtained after quality filtering and were used for genome assembly.
An additional lllumina pair-end sequencing reads covering 31.74 Gb
were obtained after filtering and were used for sequence correction
(Table S1). The genome size was estimated at 406.87 Mb based on a
k-mer analysis. The FALCON strategy (Chin et al., 2016) was used for
contig assembly, and a reference genome with 340.42 Mb and 710 con-
tigs was constructed. The assembled genome size was smaller than the
one by k-mer analysis. This could be caused by the removement of the
highly overlapped contigs during assembly. The assembled contigs dis-
played high continuity, with an N50 length of 758 Kb (Table S2), which
is one of the longest N50 length among the sequenced genomes of
ascidians and other marine invertebrates listed in this article (Table S3).
Over 93% of the clean reads from the Illumina short-insert library
could be successfully mapped to the reference genome. Among the
978 Benchmarking Universal Single Copy Orthologs (BUSCOs) (Simao,
Waterhouse, loannidis, Kriventseva, & Zdobnov, 2015) used for as-
sessing genome completeness, 90% of the complete BUSCOs could be
covered by the reference genome (Table S4). The data showed that the
assembled genome of S. clava had high integrity and accuracy.

We used a Hi-C approach to acquire a chromosome-level assem-
bly. The contigs were successfully clustered into 16 groups (Figure 1a,
Table S5), which was consistent with previous karyotype analyses of
S. clava and S. plicata (Dario Colombera, 1971; D. Colombera, 1974;
Taylor, 1967). The clustered contigs corresponded to a length of
317.55 Mb (93.28% of the length of the contigs). The final assembled
genome had 210 scaffolds with an N50 length of 20.77 Mb, providing

a chromosomal-level reference genome based on Hi-C data.
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The genome of S. clava showed approximately 1.72% hetero-
zygosity based on the k-mer analysis of short-insert library reads.
Repeat sequences made up 46.69% of the assembled genome
(Table Sé). A total of 17,428 protein-coding genes were identified,
15,734 of which could be annotated in databases including NR,
Swiss-Prot, KEGG, GO, and Pfam (Table S7). Various noncoding small
RNAs were also found in the genome, including 120 micro-RNAs,
2,680 tRNAs, and 837 rRNAs (Table Sé).

3.1.2 | Gene family and phylogenetic analysis

The gene families among five ascidians were determined via an all-
to-all blastp search against the full protein-coding genes. In general,
15,673 gene families were detected among the five ascidian ge-
nomes (Figure 1b). 3,470 of them were shared by five species, and
11,621 of them were identified in at least two species. In a previous
study, 8,716 families of homologous genes were present in the deu-
terostome ancestor (Simakov et al., 2015).

The gene families were also determined via an all-to-all blastp
search against the full protein-coding genes among 17 metazoans.
We classified the gene families into single-copy, multiple-copy,
unique, and other orthologs. The single-copy family included one-
to-one orthologous genes, the multiple-copy family included or-
thologous genes with multiple copies in all the species, the unique
family included genes that only appeared in one species, and other
orthologs included the other orthologous genes present in at least
two species. To determine the phylogenetic position of S. clava, a ge-
nome-wide phylogenetic tree was constructed based on single-copy
genes from 17 genomes (Figure 1c). The results showed that S. clava
was closest to M. oculata and that the estimated divergence time
was 159 Mya. S. clava and M. oculata belong to the order Enterogona
while Ciona to the order of Pleurogona. This result was consistent
with that of a previous study (Delsuc et al., 2018). In total, 78 gene
families were expanded in S. clava, whereas five gene families were
contracted. The expanded gene families included the pulmonary
surfactant-associated protein collectin, cytochrome P450 2U1, and
ficolin solute carrier family 22 (Table S8). Positively selected genes
in S. clava were also identified by comparison with C. intestinalis type
A (C. robusta), C. savignyi, M. oculate, and O. dioica (Table S9). The top
two genes (aladin-like and DNA mismatch repair protein Mlh1-like)
were both related to DNA repair, which indicated the adaptation of

S. clava to environment.

3.1.3 | Genome structure characteristics

Compared with the reported reference genomes of Ciona and
Molgula, S. clava has a similar gene number but a larger genome
size (Table S10). A statistical analysis revealed that S. clava had a
larger average gene length and gene distance length (Table S10;
Figure 2a). Moreover, the gene length and gene distance distri-

bution revealed that S. clava had more genes with a larger intron
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FIGURE 2 Gene structure and transposable element (TE) expansion in the S. clava genome. a, Intron length and gene distance
distribution in the S. clava and C. intestinalis type A (C. robusta) genomes. The x-axis indicates the length intervals, while the y-axis indicates
the number of genes. The blue and orange bars represent the intron length and gene distance distribution in C. intestinalis type A (C.
robusta) and S. clava genomes, respectively. b, Classification and substitution level of TEs in the S. clava and C. intestinalis type A (C. robusta)
genomes. The x-axis represents the kimura substitution level (CpG adjusted) of TEs. The y-axis represents the percentages of TEs in the
genome. The different colors represent different types of transposons. The DNA elements are the main transposon types in both S. clava
and C. intestinalis type A (C. robusta) genomes. However, the number of SINEs was decreased, while that of LTRs and LINEs was increased
significantly in S. clava genomes. c, Distribution of the different types of transposons in the S. clava genome. The proportions of DNA,

LTR, and LINE transposons in the S. clava genome were 23.81%, 10.76%, and 4.11%, respectively. The blue bars represent the numbers of
transposons that are distributed in gene regions. The orange bars represent the number of transposons that are distributed in intergenic

regions [Colour figure can be viewed at wileyonlinelibrary.com]

size (>10 Kb) and a greater number of large intergenic regions
(>10 Kb) compared with those from C. intestinalis type A (C. ro-
busta) (Figure 2a). A gene structure comparison analysis revealed
that the difference in average intron length was the major reason
for the variation in gene length among tunicates. Further analysis
also showed that the intron elongation inside each gene was not
homogeneous (Figure S1). S. clava tended to have one large intron
inside each gene. There were also less intron-less genes in S. clava
(Figure S2; Table S11).

Considering that 46.69% of the S. clava genome consisted of re-
peat sequences (Table $12), and that 45.92% of the sequences were
annotated as transposable elements (TEs), we first compared the

TEs between S. clava and C. intestinalis type A (C. robusta) to probe

the mechanisms underlying the larger average gene length and gene
distance observed in this species. The classification of TEs revealed
that DNA elements, LTRs, and LINEs were the main TEs in S. clava,
while DNA elements and SINEs were the major ones in C. intestinalis
type A (C. robusta) (Chalopin, Naville, Plard, Galiana, & Volff, 2015;
Figure 2b). The amount of TEs, such as SINEs, is strongly correlated
with tunicate genome size in larvaceans (Naville et al., 2019). Here,
we found that the composition of TEs also affected the genome size
of a different species of ascidian. The appearance of LTRs and the
absence of SINEs in the S. clava genome contributed to the genome
size variation. A distribution analysis of TEs in the genome of S. clava
showed that the major TEs were distributed in both intragenic and

intergenic regions (Figure 2c). We inferred that insertions of TEs had
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FIGURE 3 Expansion of heat-shock protein 70 (Hsp70) genes and horizontally transferred cold-shock protein (Csp) genes in the S. clava
genome. a, Number of Hsp70 genes in different chordate animals. S. clava had the greatest number of Hsp70 genes among these species.
The Hsp70 genes in the S. clava genome were both clustered and interspersed, while the Hsp70 genes in the C. intestinalis type A (C. robusta)
genome were all interspersed. b, Expression levels of Hsp70 genes at different temperatures. The three dispersed Hsp70 genes were
upregulated in high-temperature stress, while the six-tandem repeat Hsp70 genes were upregulated under low-temperature stress and
downregulated under high-temperature stress. c, Positioning in the genome and phylogenetic analysis of Csp genes in S. clava. The three
identified Csp genes were aligned in the same contig. The phylogenetic tree was constructed using the neighbor-joining method. The three
Csp genes in S. clava are labelled in red color and were clustered with bacteria Csp genes. d, The Csp genes were upregulated under lower-
temperature stress [Colour figure can be viewed at wileyonlinelibrary.com]
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a great effect on the doubling of the Styela gene size compared with
in Ciona, and that insertions of TEs into intergenic regions resulted
the more dispersive distribution of genes observed in S. clava. TEs
are believed to evolve in the fashion of a molecular clock, as they are
identical at the time of integration and then gradually diverge be-
cause of the accumulation of mutations (Bowen & McDonald, 2001;
Carr & Suga, 2014). The LINEs dominated the lowest substitution
level in S. clava (Figure 2b), indicating that they were active recently
in the genome. Consistent with this expectation, LINEs were also
identified from the transcriptome data and expressed at RNA-Seq
levels (Table S13; Figure S3).

A rapid genome evolution and, in particular, active TEs poten-
tially facilitate the adaptation of invasive species to new environ-
ments (Stapley, Santure, & Dennis, 2015). It is possible that such
plasticity in genome characteristics, particularly through transposon
diversity, facilitates the observed invasive success of S. clava and

other tunicate species.

3.2 | Gene gain and gene loss shed light on the
molecular basis of the environmental adaptation of
S.clava

3.2.1 | Hsp70 gene expansion

Among the known mechanisms underlying the rapid and adaptable
responses to stress, heat-shock proteins form the crucial molecular
pathways. Heat-shock proteins are a group of evolutionarily con-
served protein families, which facilitate the coping with environ-
mental fluctuations through the correction of protein folding or the
maintenance of protein homeostasis (Feder & Hofmann, 1999). For
example, the heat-shock protein 70 (Hsp70) is central to the adapta-
tion of oysters to sessile life in the highly stressful intertidal zone
(Zhang et al., 2012).

The Hsp70 family of genes exhibited a remarkable genome-wide
gene duplication in S. clava (Figure 3a). Forty-two Hsp70 genes were
identified by searching the whole genome. Thirty-two of them were
located in the same chromosome (chromosome ID: Hic_asm_6) in-
dicating that these genes were likely tandem duplicated. Thirteen
of the genes were located on the same contig. In C. intestinalis type
A (C. robusta), only eight genes are classified into the Hsp70 gene
family (Fujikawa, Munakata, Kondo, Satoh, & Wada, 2010) and are
dispersed in different scaffolds. The search for Hsp70 genes in other
tunicate genomes also revealed that S. clava has expanded Hsp70
genes (Figure 3a). To investigate the temporal expression of Hsp70
genes, we analyzed the transcriptomic data during embryogenesis
and larval development of S. clava. The results showed that most of
the Hsp70 genes in S. clava were expressed during embryogenesis
and larval development (Figure S4). Twelve Hsp70 genes were upreg-
ulated from the neurula to the tailbud stages, which indicated their
participation for successful development (Figure S4). We inferred
that the expression of Hsp70 at the tailbud stage was correlated

with the adaptation to environmental stress, because the hatched

embryos lost the protection from the envelope. The expansion and
tandem duplication of Hsp70 genes may affect the adaptation to en-
vironmental stress in S. clava.

To investigate whether the expansion of Hsp70 genes contrib-
uted to the plasticity of thermal stress adaptation, we examined
their expression at different temperatures using qPCR. The rel-
ative expression levels revealed that the dispersive genes were
upregulated at 32°C, while the clustered genes were upregulated
at 12°C and 2°C (Figure 3b). Previous studies have focused on the
expression dynamics of Hsp70 genes under acute temperature
stress at both the transcription and translation levels (Fujikawa
et al., 2010; Serafini, Hann, Kueltz, & Tomanek, 2011). The oyster
genome contains 88 Hsp70 genes, which was regarded as crucial
roles in protecting cells against heat and other stresses (Zhang
et al.,, 2012). Although studies have shown that Hsp70 genes
could be transcriptionally induced by heat stress in two ascidians
(Fujikawa et al., 2010; Huang, Li, Gao, & Zhan, 2018; Huang, Li, &
Zhan, 2019), our results showed that numerous, but not all, Hsp70
genes responded to either heat or cold temperature related-envi-
ronmental stresses.

3.2.2 | Horizontally transferred genes

The living environment of S. clava is complex, with various parasitic
or symbiotic microorganisms, and their interaction may offer a path
for the horizontal transfer of functional genes in the course of their
evolutionary history. Horizontal gene transfer (HGT) may spread
rapidly evolutionarily success across lineages and facilitate the ex-
ploitation of recipient organisms of new niches or other resources.
Although numerous cases of HGT have been documented in prokar-
yotes and unicellular eukaryotes (Soucy, Huang, & Gogarten, 2015),
itis common belief that HGT is rare in multicellular eukaryotes, such
as animals and plants (Kurland, Canback, & Berg, 2003). However,
HGT occurs frequently in ascidians. Among all the protein-coding
genes in C. intestinalis type A (C. robusta), 169 were likely derived
from algae, 92 of them with high probability (Ni et al., 2012). The
best-known example is the cellulose synthase genes in ascidians,
which were transferred from bacteria responsible for tunic forma-
tion (Bhattachan & Dong, 2017; Matthysse et al., 2004; Sagane
et al., 2010).

The methods used for detecting HGT generally rely on the anal-
ysis of phylogenetic conflict (Soucy et al., 2015). Here, we detected
HGT events in S. clava at the whole-genome level. Three cold-shock
protein-like (Csp) genes in the same contig were screened. Their gene
structures are shown in Table S14. Two of the three genes had in-
trons. The phylogenic tree also revealed that they were horizontally
transferred from bacteria (Figure 3c). In addition, we used blastx to
search for their homologous genes in the NR database. The results
showed that the top 10 annotations of the three genes all came from
bacteria. The lllumina sequencing coverage analysis of Csp genes
also showed that the genes had a coverage that was similar to that of

the surrounding sequences.
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FIGURE 4 Tunic structure, monosaccharide composition, and galactan synthesis among different ascidians. a, Monosaccharide
composition of the tunic in different ascidians. Both C. savignyi and C. intestinalis type A (C. robusta) had high levels of galactose, while H.
roretzi and S. clava had relatively low levels of galactose. The rectangle represents the levels of galactose in different ascidians, as detected
using mass spectrometry. The black line indicates the standard control. b, Tunic structures and galactan synthesis pathway in different
ascidians. The main constituent of the tunic was cellulose. However, the cellulose structures with high galactans content were more
scattered (red arrows) in C. intestinalis type A (C. robusta) and C. savignyi, while the cellulose structures with low galactan content were more
bundled in H. roretzi and S. clava (orange arrows). In both C. intestinalis type A (C. robusta) and S. clava, galactose was first transferred into
UDP-galactose and then transported inside the cells through a UDP-galactose translocator located in the cell membrane. The enzymes in
the Golgi apparatus were responsible for the synthesis of polysaccharides. The key gene in this process, beta-1,4-galactosyltransferase 1,
could only be identified in the genome of C. intestinalis type A (C. robusta) and C. savignyi, and not in the genome of S. clava [Colour figure can

be viewed at wileyonlinelibrary.com]

Csps are small, abundant proteins that are essentially composed
of one cold-shock domain (CSD). Some members of the family are
strongly induced after cold shock and are involved in adaptation
to low temperatures (Horn, Hofweber, Kremer, & Kalbitzer, 2007;
Mihailovich, Militti, Gabaldon, & Gebauer, 2010). CSDs have been
found in many other bacterial and eukaryotic proteins, such as
the well characterized eukaryotic Y-box proteins (Ladomery &
Sommerville, 1994; Mihailovich et al., 2010). However, reports of
Csp genes in the animal kingdom are scarce. To validate the functions
of the horizontally transferred Csp genes in the Styela genome, their
expression levels under low-temperature stress were also examined
using gPCR. The results showed that the expression of Csp genes
was upregulated at both 12°C and 2°C (Figure 3d). The HGT events

of Csp genes provide one of the possible molecular mechanisms for
S. clava adaptation to environmental stress, particularly low-tem-
perature stress.

3.2.3 | The tunic structure of ascidians

The integument is an important defense system for sessile organ-
isms, who cannot move from stressful environmental conditions,
such asirradiation, drying, predation, infection, bio-fouling (Euichi
Hirose, 2009). The name Tunicata is derived from the integumen-
tary tissue called the tunic, which covers the entire epidermis in

ascidians (Zhao & Li, 2014). As the tunic has multiple functional
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roles (E. Hirose, Ohtake, & Azumi, 2009), it is hypothesized to be
one of the features underlying the high adaptability and toler-
ance observed in ascidians. Cellulose constitutes the main struc-
ture of the tunic that surrounds the adult body. Tunicates are the
only animal population that can produce cellulose by themselves
(Hirose, Kimura, Itoh, & Nishikawa, 1999; Inoue, Nakashima, &
Satoh, 2019; Kimura, Ohshima, Hirose, Nishikawa, & Itoh, 2001;
Ranby, 1952).

The hardness of the tunic was associated with protection from
the environmental stresses. However, there is great variation in
the hardness and transparency of the tunic among the different
species of ascidians. We inferred that the varying hardness of
the tunic was caused by its composition. According to a previous
study, the tunic is mainly composed of complex carbohydrates
(Zhao & Li, 2014). The tunic structures could be described as cel-
lulose-protein fibrils cemented by sulfated mucopolysaccharides
or sulfated glycans and lipids. In tunics, cellulose is the dominant
carbohydrate (Hirose et al., 1999; Zhao & Li, 2014). Therefore, we
assessed the content of different saccharides in the tunic of dif-
ferent species of ascidians. The results showed that the sulfated
polysaccharide contents, particularly galactose, is more abundant
in the order Phlebobranchia (e.g., C. intestinalis type A (C. robusta)
and C. savignyi) than in Stolidobranchia (e.g., S. clava and H. roretzi)
(Figure 4a). Reasonably, the higher contents of other sugars de-
tected in the soft tunics imply higher content of sulfated glycans,
which renders the structures more flexible compared with hard
tunics.

We used a scanning electron microscope to observe the de-
tailed structures of tunics from C. intestinalis type A (C. robusta),
C. savignyi, S. clava, and H. roretzi. The fibers in C. intestinalis type
A (C. robusta) and C. savignyi were much thinner, while the fibers
in S. clava and H. roretzi were bundled together (Figure 4b). Our
results are consistent with results of previous studies of the mor-
phology of a H. roretzi tunic, which reported that the tunic surface
was entirely covered with a cuticular layer that had a very dense
structure of bundled fibers, and that the tunic matrix was distrib-
uted between the fibers (Zhao & Li, 2016). To compare the molecu-
lar basis of the tunic, a whole-genome level of GlycosylTransferase
(GT) domain analysis was conducted (Figure S5). The cellulose syn-
thase genes in different ascidians were similar among the various
ascidians (Figures S5 and Sé). Considering the difference in galac-
tose contents between Phlebobranchia and Stolidobranchia, we
compared the galactan synthesis-related genes in the species and
found conserved UDP-galactose translocator genes in the four
species, implying that the galactose transport ability is conserved
(Figure 4b). After transportation into cells, many glycan struc-
tures of glycoproteins and glycolipids are assembled in the Golgi
apparatus by families of glycosyltransferases (Inoue et al., 2019).
The beta-1,4-galactosyltransferase (beta4GalT) is responsible
for the synthesis of sulfated galactans. Each subfamily member is
expressed in a tissue-specific manner and exhibits differences in

oligosaccharide acceptor specificity and tissue-specific expression

(Rautengarten et al., 2014). The comparison of the family mem-
bers of beta4GalT genes showed that beta4GalT1 was only ob-
served in C. intestinalis type A (C. robusta) and C. savignyi, and not
in S. clava and H. roretzi (Figure 4b). The gene is unique among the
beta4GalT genes because it encodes an enzyme that participates
in the biosynthesis of both glycoconjugates and lactose. The loss
of beta4GalT1 in Phlebobranchia may be related to the low level
of sulfated galactans in the tunic structure. These findings sug-
gest a molecular basis for the formation of distinct tunic structures

among different tunicate species.

3.3 | Thyroid hormone pathway and complement
system genes participated in the regulation of the
metamorphosis of S. clava

3.3.1 | Transcriptome sequencing of different
developmental stages of S. clava

Ascidians have a distinctive pattern of embryogenesis and larval de-
velopment: zygotes first develop into larvae with a notochord, then,
the notochord regresses after the attachment of larvae, thus provid-
ing a suitable model for developmental studies of metamorphosis.
The larval developmental process is also referred to as retrogressive
metamorphosis. To explore the molecular basis of the process, we
performed a transcriptome analysis of 2-8-cell embryos (2-8 cells),
gastrula embryos (gast), neurula embryos (neu), tailbud-stage em-
bryos (tb), hatched swimming larvae (hsl), tail-regressed larvae (trl),
and metamorphic juveniles (mj) (Figure 5a). There were three repli-
cates at each stage (Table S15). The correlations between samples
are shown in Figure S7. According to the results of a weighted corre-
lation network analysis (WGCNA), (Figure 5b), genes were grouped
using a clustering approach. Gene expression heat maps for each
module were shown in Figure 5b and Figure S8. The GO enrichment

analysis of genes in each module also was shown in Figure S9.

3.3.2 | Thyroid hormone receptor (THR) was
enriched in tail regression transcriptomic data

One of these modules, here depicted in red, yielded some interest-
ing results: 1,725 genes were clustered into this module (Figure 5b),
which contained genes specifically expressed in hatched swimming
larvae, tail-regressing larvae, and metamorphic juveniles. Among
these genes, the thyroid hormone receptor (THR) gene was highly
upregulated during tail regression (Figure 5c). In addition, RAR was
also highly expressed during tail regression (Figure 5c). The connec-
tivity value of THR ranked the second among the transcription fac-
tors and in the top 10% among all genes in this module, representing
a potential hub gene for network regulation. To understand this po-
tentially central role of THR during metamorphosis, we decided to

investigate the expression and function of THR.



WEI ET AL.

MOLECULAR ECOLOGY 1425
RESOURCES WILEY

metamorphic juvenile

Color Key
Gene dendrogram and module colors

1 2 0 2
Row Z-Score: yellow module

Height

(c) =
2 2 = - _ =
& S H 8 2 B =
8.5 1194.6 THR THR
RXR
RAR alpha —
RAR beta
(d) (e)
. Sea Wﬂler lL‘
L hi0 o X v N T
S. clava cgflik’ +@—> ‘ . .2‘{_. T . \ RPN U
l _E 60%
2 4%
l § 20%
Sea Water MMI
i 40% —

Metamorphic Larvals

Metamorphic Larvals
N
g

DMSO V13003

FIGURE 5 Thyroid hormone and retinoic acid signaling pathways. a, The seven developmental stages of S. clava embryos and larvae; i. e.,
4-cell stage, gastrula, neurula, tailbud, hatched swimming larvae, tail-regressing larvae, and metamorphic juvenile. b, Weighted correlation
network analysis (WGCNA) of the genes based on the transcriptomics data at different developmental stages. Different colors indicated
different gene modules. The gene expression heat maps for yellow and red modules were also shown. c, The gene expression heatmap of
thyroid hormone receptor (THR), retinoic acid receptor (RAR alpha), retinoic acid receptor beta (RAR beta) and retinoid X receptor (RXR) in S.
clava. The numbers inside the grids indicate the FPKM values of each gene at different stages. The red color indicates genes that are highly
expressed, while the blue color indicates genes that are relatively weakly expressed. THR was expressed in the epithelia of the head and
terminal parts of the tail in the hatched larvae, according to in situ hybridization. d, Comparison of the thyroid hormone (TH) and retinoic
acid (RA) signaling pathways between the tail-regressing S. clava and the tail-preserved O. dioica. The key genes for TH and RA synthesis and
their receptors could be identified and were expressed in S. clava, while the retinol dehydrogenase 10 (rdh10) gene, the TH, and RA receptor
genes were absent in the O. dioica genome. e, Inhibition of the THR, RAR and RXR signaling pathways led to the failture of tail regression in
S. clava larvae. The groups treated with MMI (an inhibitor of TH synthesis), BMS493 (an inhibitor of RAR), and UVI3003 (an inhibitor of RXR)
exhibited significantly reduced the metamorphic levels compared with the controls [Colour figure can be viewed at wileyonlinelibrary.com]
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3.3.3 | TH signaling plays essential roles in the
metamorphosis of S. clava

The THR gene was upregulated by 64-fold in hatched swimming lar-
vae and by 142-fold in tail-regressing larvae compared with tailbud-
stage embryos. In situ results showed that THR was expressed in
the epithelia of the head and tail part of the larvae (Figure 5c). It
has been demonstrated that TH signals are obligatory for verte-
brate metamorphosis and function through the activation of a com-
plex hierarchical cascade of target genes (Qasba, Ramakrishnan, &
Boeggeman, 2008). Moreover, comparative genomics and transcrip-
tomics analyses of flatfish identified the cross-talk role between TH
and retinoic acid signaling during metamorphosis (Laudet, 2011).
These data suggest that TH and RA are required for tail regres-
sion in tunicates too. To test this hypothesis at the genomic level,
we investigated the genome of O. dioica, which belongs to the class
Appendicularian, keeps its notochord throughout its lifespan. This
provides a suitable comparative study model. After searching its
genome, we found no hits for the THR and retinoic acid receptor
(RAR) genes in the genome of O. dioica (Figure 5d). Moreover, the
key genes that are related to the synthesis of TH and retinoic acid,
such as rdh10 genes, were also absent in the genome of O. dioica
(Figure 5d). These results support our hypothesis that the THR and
RAR genes are associated with the processes of tail regression in
tunicates.

We substantiated further our hypothesis using inhibitor experi-
ments. MMI (an inhibitor of TH synthesis, 1 g/L) (Shao et al., 2017)
and BMS493 (an inhibitor of RAR signaling, 1 pm/L) (Brown, 1997)
treatment resulted in significantly lower larval metamorphic rates
compared with the rates observed in the control, while UVI3003
(an inhibitor of the retinoid X receptor (RXR), 1 pm/L) (Germain,
lyer, Zechel, & Gronemeyer, 2002) signaling treatment inhibited
metamorphosis in S. clava (Figure 5e). The results presented above
suggest that TH and RA signaling play essential roles in the meta-

morphosis of Styela larvae.

3.3.4 | Complement system genes

Among the genes that were highly expressed during metamorpho-
sis (e.g. in hatched swimming larvae, tail regressed larvae, and met-
amorphic juveniles), many of them were immune-related genes.
Although there is no evidence of adaptive immunity in tunicates,
a search of the S. clava genome revealed a variety of genes that
could mediate innate immunity, particularly complement system
genes. There is also a high number of potential complement genes
in C. intestinalis type A (C. robusta), including the C1q and Cé genes
(Nahoum et al., 2007). However, a comparison between S. clava
and other four tunicate species revealed a varying composition in
complement system genes (Figure 6a). Pattern-recognition genes,
including the Mannose-binding lectin (MBL) and ficolin genes, were
expanded in S. clava. Twenty-five MBL genes and 54 ficolin genes

were identified. For proteases and receptors, 17 factor B genes
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and 16 complement receptor 1 genes were identified. Moreover, a
great proportion of the expanded genes in S. clava exhibited high
levels of expression during metamorphosis (Figure 6b). The results
of whole-mount in situ hybridization showed that component 3
(C3) and complement receptor 1 (CR1) genes were both highly ex-
pressed in epithelia cells of the trunk and the posterior part of the
tail in the hatched larvae. C3 was also expressed in the neck region
while CR1 expression was not seen in the neck region of swimming
Styela larvae (Figure 6b).

The expression patterns and upregulated expression of com-
plement system genes in Styela support our speculation that com-
plement system gene signaling may occur in response to high levels
of stress linked to the death and reorganization of larval tissues. In
another species of solitary ascidians, Boltenia villosa, innate immune
signaling during metamorphosis has been reported to be involved in
coordinating the resorption of larval tissues, the maturation of the
tunic, or the adhesion and migration of mesenchymal cells (Nonaka &
Kimura, 2006). The expanded MBL-complement pathways in Styela
could be important in the detection of the environmental cues that
initiate settlement just like the situation in B. villosa (Davidson &
Swalla, 2002) (Figure 6c).

The expression patterns of the complement 3 gene and its re-
ceptor resembled those of the fibroblast growth factor and Wnt
Signaling genes (Roberts et al., 2007), indicating that complement
pathways may participate in the regulation of larval tissue devel-
opment. As complement molecules were highly expressed in the
metamorphic stages, we speculated that they were involved in
the regulation of larval metamorphosis in S. clava. Therefore, we
used dexamethasone (Packard & Weiler, 1983; Pasini, Manenti,
Rothbacher, & Lemaire, 2012) to inhibit the activity of the comple-
ment system in Styela larvae, and observed that inhibitor-treated
larvae failed to regress their tails (Figure 6d). These results suggest
that the complement signaling pathway is essential for Styela larvae

tail regression.

4 | CONCLUSION

Here, we reported the chromosome-level assembly of the genome
of the leathery sea squirt, S. clava, and constructed the transcrip-
tomic profiles in development of S. clava. Expansion of DNA, LTR,
and LINE transposons was more closely related to the doubled
genome size of S. clava than to that of C. intestinalis type A (C.
robusta). Moreover, the expanded Hsp 70 family and horizontally
transferred cold-shock proteins responded to acute temperature
stress, while different types of galactan synthesis genes were
associated with the tunic structure and hardness. An integrated
TH synthesis pathway was also found, and the associated genes
were highly expressed during tail regression. A functional analy-
sis demonstrated that the pathway was associated with ascidian
metamorphosis. The complement system genes were expanded in
the S. clava genome, and potentially participated in both immu-

nology and the regulation of metamorphosis in this species. The
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present study provides insights into the mechanisms of adaptation
to changes in the environment and the mechanisms of larval meta-

morphosis in invasive tunicates.
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